The objective of this research work is to develop decoupled modulation control methods for damping inter-area oscillations with low frequencies, so the damping control can be more effective and easier to design with less interference among different oscillation modes in the power system.
Proof of concept
Modern power systems are facing a rapidly growing level of variability and uncertainty due to the increasing level of variable resources and random market forces.
Background and milestone summary
Low-frequency inter-area oscillations exist in the power grid. Power system stabilizers (PSS) were recognized as a successful real-time modulation control method for the damping of local oscillations, but not for inter-area oscillations. Nowadays, the availability of phasor measurements provides a basis for designing a controller for inter-area oscillations using wide-area signals. However, there has been very little research focusing on the issue that for a large power system with multiple inter-area oscillation modes, a controller designed for one mode may adversely affect other modes.
The objective of this research is to develop decoupled modulation control algorithms for damping inter-area low frequency oscillations, so the damping control can be more effective and easier to design with less interference among different oscillation modes in the system.
The primary technical approach is to separate frequency components and use individual frequency components as inputs for modulation control. The challenges are primarily on how to separate frequency components in real time, how to utilize wide area PMU signals from multiple locations, and how to design a distributed wide-area modulation control algorithm.
Currently, we have developed a signal-decoupling algorithm that has enabled separation of multiple oscillation frequency contents, and extracts a "pure" oscillation frequency mode that is of interest. This decoupled oscillation frequency mode will be fed into the PSS as the modulation input signal. As a result, instead of introducing interferences between different oscillation modes from the traditional approach, the output of the new developed PSS modulation control signal mainly affects only one oscillation mode that we are interested in. The new decoupled modulation damping control algorithm has been tested on the standard IEEE 4-machine 2-area test system with simulated data, and the results have been compared against traditional modulation control on the same test system. The comparison demonstrated the validity and effectiveness of the newly-developed decoupled modulation damping control algorithm. Also we tested the new control algorithms in a minniWECC system. The results show that the proposed algorithm can damp the target mode very well.
Concept of decoupling oscillation modes
This section briefly describes the concept and method of decoupling different oscillation modes of the system by applying a linear combination of the system state variables.
Power system models can be formulated using the following differential algebraic equations (DAEs):
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where the vector x represents state variables describing system dynamics; and the vector y represents algebraic variables. By linearizing equation (1.1), we have
By substituting (1.4) into (1.2), we have
Time domain solutions of the differential equations shown in Eq. (1.5) have the following closed-form: (1.8) we can see that each state variable of the system is a linear combination of all the decoupled modes of the system, and the linear combination coefficients formulate the right eigenvector matrix.
From Eq. (1.7), we have
Here ( ) t ∆x represents the system state variables; ( ) t z represents the decoupled oscillation. Equation (9) implies that each pure oscillation mode of the system can also be obtained (decoupled) as a linear combination of the system state variables. Assuming the system state variables can be obtained from dynamic state estimation, we can obtain all the decoupled modes of the system. We can choose the dominant decoupled oscillation mode as the feedback input signal in the decoupled modulation control for the PSS.
An example of a successful proof of concept
For testing the proposed decoupled control algorithm, a two-area, four-machine system was used, shown in Figure 2 .1. A PSS is configured at Generator 4 to improve system dynamic performance. The system has mainly three electrical-mechanical oscillation modes (one as the inter-area oscillation mode and the other two as the local oscillation modes). In the decoupled modulation control method, we apply equation (1.9) to extract the decoupled interarea oscillation mode and feed it as the input signal for the PSS. As a comparison, we also apply the traditional modulation control method, which feeds the rotor speed of the generator as the feedback signal to the PSS, and as equations (1.7) and (1.8) indicate, the rotor speed (state variable) is actually a combination of all the modes of the system. We implement the small signal stability analysis for both of the above two control methods, and we have the following observations and conclusions:
(1) The performance of the traditional modulation control is shown in Figure 2 .2. As can be seen in Figure 2 .2, compared with the base-case system without PSS control, the traditional modulation control for the PSS increases the damping ratio of Mode 1 (inter-area oscillation), but it also has the adverse-effect that making the damping ratio of Mode 2 (local oscillation) decrease, as the eigenvalues of Mode 1 and Mode 2 move in opposite directions in the eigenvalue plane. This is because the inter-area oscillation and local oscillation modes are coupled together in the rotor speed as the feedback signal, and the designed modulation control targeted at damping the interarea oscillation mode adversely affect the local oscillation mode.
(2) The performance of the decoupled modulation control is shown in Figure 2 .3. As can be seen in Figure 2 .3, compared with the base-case system without PSS control, the decoupled modulation control for the PSS only increases the damping ratio for the target mode 1 (inter-area oscillation), but have no influences for all the other oscillation modes at all, as only the eigenvalue of the target mode moves in the eigenvalue plane. This is as a result of the decoupled modulation control uses only the decoupled "target" mode as the feedback signal.
(3) By comparing the small signal stability analysis results for both the decoupled and traditional modulation controls, we can conclude that the decoupled modulation control method can separate the frequency contents of the system and provide the "pure" target oscillation mode as the input signal to the PSS, and thus effectively eliminate the adverse interferences between different modes of the system. This chapter will introduce a band pass filter based decouple approach for decoupled modulation control.
Real time decoupling approach through band pass filters
The basic idea of this approach is to introduce a band-pass filter before the traditional input signal of PSS. The input signal of the band-pass filter is rotor speed or real power; while the output of the filter is the input for the PSS, which is shown in Figure 2. 1.
Figure 2.1 Band pass filter
The purpose and functionality of the band-pass filter is to eliminate other frequency components of the input signal while only keep a small range of frequency we are interested in, and thus to provide a "decoupled" signal with a specified narrow range of frequency for the PSS. The transfer function of the filter is shown in 
Implementation of the approach
The transfer function shown in (1.10) can be translated into state-space model shown in the following:
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By adding an M file shown in Figure 2 .3 to the power system toolbox (PST), which is designed for power system dynamic simulation, the dynamic equations (1.11)-(1.15) of the band-pass filter can be integrated into PST and the dynamic behavior of the closed-loop control system with the band-pass filter can be simulated. 
Test results in the two-area four-machine system
The above band-pass-filter-based approach is tested with a two-area-four-machine system [1] , which is shown in the following figure. The proposed the band-pass filter and PSS, which are specially designed for each oscillation mode separately, are added to the system, with each test case only focusing on one mode, and the oscillations of the tie-line power flow are analyzed. It is clearly shown from the results that the band-pass filter and PSS designed for a designated frequency mode of interest can efficiently suppress the oscillations of that mode, while they bring no interferences for other oscillation modes. The band-pass filter and the PSS designed for a specified frequency (0.72 Hz or 1.15 Hz) are added into the system to test whether the proposed method can suppress these two modes discriminately. The band-pass filter and the PSS are first designed to aim at suppressing the oscillation with 1.15 Hz frequency as the target mode. A PSS with a band-pass filter is configured on Generator 1. For the bandpass filter, we set In the next step, the band-pass filter and the PSS are designed to aim at suppressing the oscillation with 0.72 Hz frequency as the target mode. As the 0.72 Hz is an inter-area oscillation mode, each generator is configured with a PSS and a band-pass filter. For each band-pass filter, we set 
Test results in the minniWECC system
A mid-size simplified minniWECC system [2] , shown in Figure 2 .12, is used to further evaluate the performance and the scalability of the proposed algorithm. It is verified from the simulation results of the minniWECC system with decoupled damping control that the decoupled damping control could mainly affect only one oscillation mode that we are interested in, without introducing interferences between different oscillation modes. round rotor model) are used. Each generator is equipped with an exciter model. Three generators are equipped with power system stabilizers (PSS) to damp local oscillation modes. Table 2 .1 shows all the seven inter-area oscillation modes for the minniWECC system. Among all the seven oscillation modes, it is observed from Table 2.1 that the "Alberta" and "BC" modes have the lowest damping ratios, 0.5% and 2.0% respectively. Figure 2.13 and Figure 2 .14 show the mode shapes of the "Alberta" and "BC" modes, respectively. To verify the effectiveness of the proposed real-time signal decoupled damping control approach, here we aim at the decoupled damping control for the 0.626-Hz "BC" mode only. To achieve this goal, a band pass filter with a center pass frequency of 0.6 Hz and quality factor of 13 is designed. Based on the mode shape showing in Figure 2 .14 and participation factor analysis, the 0.6 Hz band pass filter and PSS are implemented for generators 1, 2, 3, 16, 17, 18, 31, 32, and 33. Dynamic simulations for the original minniWECC system without the band-pass filter and decoupled damping control PSS, and the modified minniWECC system with band-pass filter and decoupled damping control PSS are conducted. The simulation results are compared as follows. It is verified from the simulation results of the minniWECC system with decoupled damping control that the decoupled damping control could mainly affect only one oscillation mode that we are interested in, without introducing interferences between different oscillation modes. 
Conclusions
In this project, we developed a decoupled modulation control method. First, through the proof of concept study we demonstrated how the pure mode signals improve system performance. Then we developed a real-time signal decoupling control method, and tested the method on a two-area fourmachine system and a minniWECC system. By comparing the proposed approach with traditional modulation control, we can reach the following conclusions.
(1) In traditional modulation control, modes are coupled together. Sometimes, feedback signals increase the damping ratio of one mode, but decrease the damping ratio of others. This is because the inter-area oscillation and local oscillation modes are coupled together in the feedback signals, and the traditional modulation control cannot handle them discriminately.
(2) In the proposed decoupled control, modes are handled separately so that one feedback signal is able to increase the damping ratio for the target mode 1, without influences on all the other oscillation modes. This is because the feedback signal only contains the pure target mode, instead of a combination of all the modes as the feedback signals.
(3) Through eliminating the adverse interferences between different modes of the system, the decoupled modulation control is able to provide better control performance.
